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(54) Micro-opto-electromechanical device* and method therefor 



(57) A micro-opto-electromechanical systems 
(MOEMS) device comprises a micro-electromechanical 
systems (MEMS) device and a silicon optical-bench 
(SiOB) device or system. The MEMS device interacts 
with the SiOB mechanically or electromagnetically. In 
one embodiment, the MEMS device is operable to pro- 
vide a switching function for the SiOB device. The 
MEMS device comprises an actuator 1hat is mechani- 
cally linked to an optical interrupter that prevents at least 
a portion of an optical signal incident iheregn from prop- 



agating therethrough. In an actuated stale, the actuator 
causes the optica! interruptor to move into an optical 
path of an optical signal traveling through an SiOB de- 
vice. The signal is at least partially reflected or absorbed 
such that only a portion of the signal propagates beyond 
the point of contact with the optical interrupter. Since 
SiOB processing is typically incompatible with MEMS 
device processing, the MEMS and SiOB devices are 
formed on separate supports and than attached, such 
as via flip-chip bonding methods. 
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Description 

Field of the Invention 

[0001] The present invention relates generally to in- 
tegrated-opiics systems. More particularly, the present 
invention relates to Improved micro-opto- electrome- 
chanical (MOEMS) devices and a method for making 
same. 

Background of the Invention 

[0002] In hybrid optical systems, individual optical 
components, typically semiconductor based, are dis- 
posed on a single substrate and placed in optical com- 
munication with other such components to collectively 
perform one or more optical functions. Such hybrid sys- 
tems allow the system designer the flexibility to select 
optimal materials/technology for each component of the 
hybrid system, 

[0003] Hybrid systems often combine W-V semicon- 
ductors, desirable as light emitters and active optics (L 
e., modulators and detectors), with silicon. In particular, 
since silicon is readily and precisely micromachinable, 
it is useful as a support for providing accurate and stable 
alignment of Ili-V devices or other components. In ad- 
dition to its utility as a physical support, silicon provides 
electronics capabilities, and is useful for forming and/or 
supporting passive optics (e.g., waveguides, etc.). Used 
in such a manner, silicon serves as an 'optica! bench." 
Optical devices, systems and technology implemented 
in this manner are conventionally referred to as silicon 
optical bench (SiOB) devices, etc. 
[0004] A switching function Is often required in SiOB 
systems. Conventionally, the switching function has 
been provided using a Mach Zehnder interferometer, 
The interferometer splits an optical signal into two sig- 
nals that traverse different optical paths through two 
waveguide arms. Once separated in that manner, a rel- 
ative phase shift is, or is not, induced between the two 
signals, The two signals are then reunited. In the ab- 
sence of a phase shift, the signals constructively inter- 
fere resulting in a maximum output intensity, When an 
appropriate phase shift (/.a, n) Is imparted, destructive 
interference results, providing a substantial attenuation 
of the original signal. Thus, an "on-off function is pro- 
vided. 

[0005] Unfortunately, such interferometric switches 
suffer severaJ drawbacks or limitations, including the po- 
larization dependence of phase modulation, insertion 
losses, eiectroabsorption effects and parasitic interfer- 
ence between the two waveguide arms. As such, the art 
would benefit from a device capable of providing a 
switching capability to a SiOB device that avoids many 
of the performance limitations of interferometric switch- 
es. 



Summary of the Invention 

[0006] In one embodiment, a micro-opto-electromG- 
chanical systems (MOEMS) device advantageously 
5 comprises a micro-electromechanical systems (MEMS) 
device and an optical bench (OB) device comprising a 
substrate and at least one optical device. The OB device 
substrate may be, without limitation, silicon or glass. The 
MEMS device is operable to provide a switching or other 
mechanical, electromechanical or electrical function to 
the OB device. In one embodiment, the MEMS device 
comprises an actuator that is mechanically linked to an 
optical interruptor that prevents at least a portion of an 
optical signal incident thereon from propagating there- 
through, The optical interruptor may be, without limita- 
tion, a dielectric mirror or an opaque surface. In an ac- 
tuated state, the MEMS device causes the optical inter- 
ruptor to move into an optical path of an optical signal 
traveling through the OB device. The signal is at least 
partially reflected or absorbed by the optical interruptor. 
The reflected portion of the signal may be "dumped", 
directed backto the waveguide that delivered the optical 
signal, or directed to another waveguide. 
[0007] Combining a single MEMS device with an OB 
device to form a MOEMS device as described above is 
useful. Substantially more utility obtains if thousands or 
millions of MEMS device can be used in conjunction with 
an OB device or devices to provide MOEMS devices via 
a commerically-viable method. Unfortunately, the struc- 
ture of the present MOEMS device presents difficulties 
in configuring large numbers of such devices on a chip. 
In particular, the processing techniques used for fabri- 
cating OB device(s) are usually incompatible with 
MEMS processing such that the MEMS and OB devices 
cannot be fabricated at the same time on a common 
substrate or wafer. 

[0008] In a method in accordance with an illustrative 
embodiment of the present invention, a first substrate 
having a plurality of MEMS devices is "flip-chip bonded" 
to an OB substrate comprising one or more optical de- 
vices. In some embodiments, a plurality of bonding sites 
are formed on each of the substrates. The bonding sites 
from each chip are brought into contact with one another 
and bonded using a suitable bonding technique. In 
some embodiments, the first substrate supporting the 
MEMS devices is removed after bonding to the OB sub- 
strate, leaving the MEMS devices, sans substrate, 
bonded to the OB substrate. 

Brief Description of the Drawings 

[0009] FIG. 1 is a depiction of a OB substrate includ- 
ing an optical system and a MEMS substrate that sup- 
ports a plurality of MEMS devices. When joined, the sub- 
strates and their accompanying devices form a MOEMS 
device in accordance with an illustrative embodiment of 
the present invention. 

[0010] FIG. 2 depicts a portion of an optical system 
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on an OB substrate. 

[0011] FIG. 3 depicts a ray tracing of an optical signal 
passing through Ihs portion of the optical system depict- 
ed in FIG. 2. 

[0012] FIG. 4 depicts a ray tracing of an optical signal s 
passing through the portion of the optical system depict- 
ed in FIG. 2 when an optical interrupter is present in the 
signal path. 

[0013] FIG. 5a depicts a MEMS device, in an unactu- 
ated state, that is suitable for providing switching action 10 
to an optical device located on an OB substrate. 
[0014] FIG. 5b depicts the MEMS device of FIG. 5a 
in an actuated state. 

[0015] FIG. 6 depicts a MOEMS device comprising a 
MEMS device and an optical device on an OB substrate, is 
wherein the MEMS device is in a non-actuated state. 
[0016] FIG. 7 depicts the MOEMS device of FIG. 6, 
wherein the MEMS device is in an actuated state. 

Detailed Description 20 

[0017] For brevity, the optical bench substrate or de- 
vice used in conjunction with the present invention is 
hereinafter referred to as "SIOB" (i.e., silicon optical 
bench). It should be understood however, that optical 25 
benches comprised of glass or other suitable materials 
may be used in conjunction with the present invention, 
and that the use herein of the term SiOB is intended to 
include optical benches comprising such other materi- 
als. Moreover, while the terms "MEMS or "MOEMS" 30 
generally refers to devices fabricated via surface mi- 
cromachining techniques, it should be understood that 
the actuators or other mechanical devices used in con- 
Junction with the present invention can be formed from 
other technologies, such as, for example, silicon on in- QS 
sulator ( B SOJ h ). Use of the terms "MEMS' or 'MOEMS" 
herein is intended to include such other fabrication tech- 
nologies. 

[0018] FIG, 1 depicts a SiOB substrate 100 including 
SiOB device or optical system 116 and a second sub- *o 
strate 120 that supports a plurality of MEMS devices 
122a-l22d. MOEMS device 140 results when SiOB 
substrate 100 and 6econd substrate 120 are joined such 
that substrate surface 101 of SiOB substrate 100 is dis- 
posed in spaced and opposed relation to substrate sur- <s 
face 121 of second substrate 120. 
[0019] in one embodiment, substrates 100 and 120 
are joined by: (1) aligning bonding sites 118 on substrate 
surface 101 with bonding sites 1 30 on substrate surface 
121; (2) bringing bonding Bites 118 into contact with so 
bonding sites 130; and (3) bonding the respective sites 
using a suitable bonding method, such as thermocom- 
pression bonding or solder reflow, known in the art. Fur- 
ther description of the bonding sites and illustrative im- 
plementations thereof are provided later in this specifi- 
cation. 

[0020] Illustrative SiOB device 116 depicted in FIG. 1 
includes input waveguide 102, demultiplexer 104, com- 
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ponent waveguides 106a-l06d and lOSa-108d, multi- 
plexer 1 1 0 and output waveguide 1 1 2. Each component 
waveguide 106a-d is separated from each correspond- 
ing component waveguide 1 0Ba-d via gap or notch 1 1 4. 
It should be understood that such optical elements were 
selected for the purposes of illustration and are not in* 
tended to limit the present invention. A wide variety of 
optical (SiOB) devices having countless structural vari- 
ations may be used in conjunction with MEMS devices 
according to the present teachings to form MOEMS de- 
vices. 

[0021] Each illustrative MEMS device 122a-122d 
comprises actuator 124, optical interruptor 126 and link- 
age 1 26, Linkage 1 26 mechanically connects optical in- 
terruptor 128 with actuator 124. Light incident on optical 
interruptor 128 is substantially prevented from passing 
therethrough. More particularly, depending upon appli- 
cation specifics, the optical signal is substantially ab- 
sorbed or reflected, in some embodiments in which it is 
desirable to absorb the optical signal, the optical inter- 
ruptor 128 is an optical modulator. In some embodi- 
ments in which it is acceptable to reflect the optical sig- 
nal, the optical interruptor 128 is a dielectric mirror or 
other light-impenetrable surface. 
[0022] Actuator 1 24 is operable to impart an 'out-of- 
plane" motion to linkage 126 and, hence, to optical in- 
terrupter 128. When the first and second substrates are 
joined as described, optical interruptor 128 of each 
MEMS device 122a-122d is aligned with gap 114 be- 
tween respective component waveguides 106a-d and 
10Ba-d. The out-of-plane motion imparted by actuators 
124 to each optical interruptor 128 causes the interrup- 
ters to move towards (away from) the substrate surface 
101 and into (out of) the path of an optical signal travel- 
ling from component waveguides 1 06a-d to component 
waveguides 108a-d When optical interruptor 129 is in 
the optical path, the optical signal is at least partially 
blocked from proceeding to component waveguides 
103a-d. 

[0023] Further detail concerning the implementation 
of MEMS device 122 and the manner in which it oper- 
ates in conjunction with an optical system on a SiOB 
substrate is provided below in conjunction with FIGS. 
2-7. 

[0024] FIG. 2 shows aporiion 216 of an optical device 
on a substrate 200. Waveguides 202 and 204 are dis- 
posed on substrate 200. Such waveguides can be 
formed from silicon, silica or other material, in well- 
known fashion. In the present embodiment, waveguide 
202 is assumed to deliveran optical signal to waveguide 
204. Gap 206 between waveguides 202 and 204 re- 
ceives an optical interruptor (not shown). 
[0025] Gap 205 must be very narrow to ensure that 
substantially all of the optical signal traveling through 
waveguide 202 is launched into waveguide 204. The 
sfce of gap 206 is a function of the mode shape of the 
optical signal. As is well known, the mode shape Is de- 
pendent on waveguide size and the refractive index(ic- 
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es) ol the materfal(s) that form waveguides 202 and 206. 
In one embodiment, wherein waveguides on a SiOB 
substrate have a width (they are rectangular, not circular 
like fibers) of about 10 microns, a gap 206 havinga size 
of about 10 microns or less has been found to be ac- 
ceptable. An anti-reflection coating \b advantageously 
disposed at end 208 Of waveguide 206 to minimize 
back-reflection of the optical signal. Additionally end 
208 of waveguide 206 may be "angled, 1 in well-known 
fashion, to prevent such back-reflections. 
[0026] FIG. 3 depicts an unimpeded path 210 of an 
optical signal across gap 206 of the optical device 
shown in FIG. 2. FIG. 4 depicts a path 212 of the optical 
signal When an optical Interruptor 228 is present within 
gap 206. In the embodiment depicted in FIG. 4, optical 
interruptor 22B Is assumed to be a reflective, rather than 
an absorptive device, As depicted in FIG. 4, the optical 
signal passes from waveguide 202 to optical interruptor 
228. The optical signal is reflected from optical interrup- 
tor 22B to one of a variety of destinations. For example, 
in one embodiment, the optical signal is reflected into 
waveguide 202. In another embodiment, the optical sig- 
nal is reflected into another waveguide (not shown). In 
yet another embodiment, the optical signal is scattered 
on reflection from optical interruptor 22B. 
[0027] A Wide variety of MEMS structures.can suitably 
be used for imparting the requisite movement to an op- 
tical interruptor to provide the desired switching action 
described above. A simplified schematic of a MEMS de- 
vice 502 for providing such actuation is depicted dis- 
posed on support 501 In FIGS. 5a and 5b. FIG. 5a de- 
picts MEMS device 502 in an k unactuated" state, where- 
in the optical interruptor is out of the path of optical signal 
522 traveling "out-of-the-page." FIG. 5b depicts the de- 
vice In an "actuated" state, wherein the optical interrup- 
tor engages optical signal 522. 
[0028] ME MS device 502 includes plate actuator 504, 
optical interruptor 514, and linkage 510, Plate actuator 
504 includes two conductive surfaces or electrodes; 
movable plate electrode 506 and fixed electrode 50B. 
Plate electrode 506 is suspended by a flexible support 
(not shown) overfixcd electrode 508 that is disposed on 
surface 516 of substrate 500. Movable plate electrode 
506 may be fabricated from polysilicon or other conduc- 
tive materials. Fixed electrode 508 may be fabricated 
from polysilicon or other conducive materials, or alter- 
natively, substrate 500 may be suitably doped to render 
a region of thereof conductive to function as fixed elec- 
trode 508. 

[0029] In some embodiments, optical interruptor 514 
is a fixed-reflectivity device, such as a dielectric mirror, 
a metallized surface or the like. In other embodiments, 
optical Interruptor 514 is a variable-reflectivity device, 
such as an optical modulator. 
[0030] Linkage 510, implemented as a simple beam 
in the embodiment shown in FIGS. 5a and 5b, mechan- 
ically links or interconnects plate actuator 504 to optical 
interruptor 51 4. More particularly, In the embodiment de- 
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picted in FIGS. 5a and 5b, a first end 518 of linkage 510 
underlies and abuts a portion of movable plate electrode 
506, and a second end 520 of linkage 510 supports op- 
tical interruptor 514. Linkage 510 rests on fulcrum 512 
s forming a lever mechanism. 

[0031] Electrodes 506 and 506 of plate actuator 504 
are in electrical contact with a voltage source (not 
shown). When a voltage is applied across plate actualor 
504, an electrostatic attraction is developed between 
movable plate electrode 506 and fixed electrode 508. 
Such attraction causes movable electrode SOB to move 
downwardly towards fixed electrode 508. As movable 
electrode 505 moves downwardly, first end 516 of link- 
age 510 is forced downwardly towards substrate sur- 
face 516, causing second end 520 of linkage 510 and 
depending optical Interruptor 51 4 to rise. In the at orede- 
scrjbed manner, plate actuator 504 imparts a vertical or 
out-of-plane motion to linkage 510 such that optical in- 
terruptor 51 4 moves in a substantially "up-and-down" or 
vertically reciprocating motion indicated by direction 
vector 524. 

[0032] To prevent movable plate electrode 506 from 
contacting fixed electrode 50B, small posts (not shown) 
advantageously protrude from the "bottom" surface of 
movable plate electrode 506. As it is advantageous (if 
not necessary depending upon the fabrication process) 
to pattern such posts from the material that fonns the 
plate electrode, such posts will be conductive. Thus, 
such posts must not contact the fixed electrode. In one 
embodiment, holes (not shown) are formed in The fixed 
electrode and aligned to receive such posts, so that rath- 
er than touching down on the fixed electrode, the posts 
touch down on an insulating layer disposed therebe- 
neath. 

[0033] Technology for fabricating MEMS devices is 
available from many sources, such as. for example, the 
MEMS Technology Application Center at North Carolina 
(MCNC). MCNC MEMS technology is a three-colysili- 
con-layersurface-micromachining process. The lowest 
polysilicon layer, POLY0, is non-releasable and is used 
to patterning address electrodes and local wiring on a 
substrate, such as a silicon wafer or chip. The uppertwo 
polysilicon layers, POLY1 and POLY2 are releasable to 
form mechanical structures. Such release is achieved 
by etching away sacrificial oxide layers deposited be- 
tween the polysilicon layers duringfabrfcation. The poly- 
silicon and oxide layers are individually patterned, and 
unwanted material from each layer is removed by reac- 
tive ion etching before the next layer is added. 
[0034] When fabricating a micron-sized mechanical 
structure, a variety of hinged-plates of differing size and 
shape, and disposed in specific locations on a substrate, 
are often formed. Forming 6uch hinged plates is known 
in the art. See, Pister et al., "Microfabricated Hinges," 
vol. 33, Sensors and Actuators A, pp. 249-56. 1 992. See 
also assignee's co-pending patent applications MICRO 
MACHINED OPTICAL SWITCH, filed May 15, 1997 as 
serial no. 08/856569; and METHODS AND APPARA- 
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TUS FOR MAKING A MICRODEVICE, filed May 15, 
1 997 as serial no. 08/856565. both of which applications 
are incorporated by reference herein. 
[0035] As formed, the hinged plates lie flat on the sur- 
face of the substrate, Thus, assembling a structure from 
such plates requires rotating them, about ihefr hings6, 
out of the plane of the substrate. Typically, some of the 
hinged plates will be rotated by ninety degrees, and oth- 
ers by a lesser amount See assignee's copending pat- 
ent application SELF-ASSEMBLING MICRO-ME- 
CHANICAL DEVICE, filed Decembers, 1997 as serial 
no. 08/997175, incorporated by reference herein. 
[0036] MEMS devices configured as depicted in 
FIGS. 5a and 5b have been built. The sample devices 
included movable plate electrodes ranging in size from 
about 220 x 170 to 900 x 350 square microns and having 
a gap between the movable and fixed electrodes of 2.75 
microns in the unactuated state. The movable plate 
electrodes included po6ts to preventing shorting. Such 
posts protruded about 0.75 micron from the movable 
electrode. The linkage was implemented as a polysili- 
con beam, which ranged in length in the various devices 
from about 500 to 575 microns. Vertical displacements 
of the linkage as high as 1 5 to 20 microns were obtained 
from voltages in the range of 20 to 40 volts. Such a dis- 
placement should be sufficient to provide a low insertion 
loss, high contrast ratio switch. 
[0037] As previously noted, a wide variety of configu- 
rations of MEMS actuators known in the art may suitably 
be used to provide the requisite actuation to an optical 
interruptor. See, for example, Hashimoto et at., "Micro- 
Optical Gate for Fiberoptic Communication." Transduc- 
ers '97. 1997 Infl. Conf. Solid-State Sensors and Actu- 
ators, Chicago, June 16-19, 1997, pp. 331-334, incor- 
porated by reference herein; and assignee'6 aforerefer- 
anced patent application 08/855569. In addition lo ac- 
tuators that provide "out-of-plane" motion, such as de- 
scribed above, actuators configured to provide "in- 
plane" plane actuation, examples of which are de- 
scribed in the present assignee's previously referenced 
U.S. Pat. App. 08/856569, may suitably be used. 
[0033] In the embodiments described herein, the op- 
tical interruptor moves into the path of an optical signal 
traveling through the SiOB device upon actuation. In 
other embodiments, MEMS device 502 is configured so 
that the optical interruptor moves out of the optical path 
of the SiOB device when actuated. 
[0039] FIGS. 6 and 7 depict MOEMS device 702 com- 
prising MEMS device 502 of FIG, 5 and an SiOB device 
comprising waveguides 602 and 606. MOEMS device 
702 is formed by joining substrate 500 to SiOB substrate 
600 at bonding sites 630 and 618. MEMS device 502 is 
aligned with gap 606 between waveguides 602 and 604. 
Plate supports 526 support movable plate electrode 506 
"above 11 f ixed electrode 508 (not shown) on support 500. 
A flexible member 528 connects plate electrode 508 to 
plate support 526. 

[0040] Fl G. 6 depicts MEMS device 502 in an "unac- 
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luated" state. For the embodiment depicted in FIG. 6, 
optical interruptor 514 remains out of an optical path of 
an optical signal traveling between waveguides 602 and 
606 when MEMS device 502 is in the unactuated state. 
[0041] FIG. 7 depicts MEMS device 502 in an "actu- 
ated* state. When so actuated (Le., voltage is applied 
across movable plate electrode 506 and fixed electrode 
508), plate electrode 506 move towards fixed electrode 
508 (not shown In FIG. 7). Flexible member 528 depend- 
ing from each plate support 526 allows for such move- 
ment. As previously described, movement of plate elec- 
trode 506 towards fixed electrode 508 moves linkage 
510 and optical interruptor 514. Thus, optical interruptor 
514 is moved into the optical path of the 6ignal traveling 
between waveguides 602 and 606. 
[0042] It is within the capabilities of those skilled in the 
art to suitably configure two substrates and a MEMS de- 
vice such that the optical interruptor moves into and out 
of the optical path of an optical signal travelling through 
an optical device on a SiOB substrate due to actuator 
movement. 

[0043] In the illustrated embodiments, the MEMS de- 
vice provides a switching function. It should be appreci- 
ated that In other embodiments, MEMS devices config- 
ured as actuators provide functions other than switch- 
ing. Moreover, MEMS devices can be configured to pro- 
vide functionalities otherthan actuation or switching. For 
example, MEMS devices can be configured to provide 
the functionality of sensors and electronic components, 
to name just a few. The nature of the interaction or com- 
munication between the MEMS device and the optical 
system on the SiOB substrate will vary depending upon 
the specific application. For example, in some embodi- 
ments, the interaction is mechanical, such as when a 
MEMS actuator moves a SiOB device. In other embod- 
iments, the interaction is electromagnetic, including op- 
tical, electrical and magnetic interactions. An optical in- 
teraction is depicted in the illustrated embodiment 
wherein a MEMS device Interrupts an optical signal. As 
to electrical and magnetic interactions, electrical or 
magnetic fields generated by MEMS devices can inter- 
act with SiOB devices to cause changes in SiOB device 
operation. Integrating any of a variety of MEMS devices 
with optical (or other devices ) on a SiOB substrate or 
chip to interact or commmunicate in a variety of ways 
are within the contemplated scope of the present Inven- 
tion. 

[0044] As previously described, bonding sites are pro- 
vided on the "MEMS" substrate and the "SiOB" sub- 
strate such that they can be joined to form a MOEMS 
device in accordance with the present teachings. Suit- 
able alignment and bonding techniques are described 
only briefly below as such techniques are well-known in 
the art. 

[0045] Physical alignment of the MEMS substrate to 
the SiOB substrate is facilitated by grooves, pedestals, 
stops and the like that are readily fabricated (e.g., etch- 
ing, photolithographically defining features, etc.), on 
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one or both of the substrates. Once the two substrates 
are aligned, they are bonded at bonding sites. Bonding 
techniques such as thermocompression bonding, laser 
spot welding, soldering and gluing with U\Acurable 
epoxies can be used. Advantageously; the substrates 
are flip-chip" bonded, according to well-known meth- 
ods, described briefly below. 
[0046] In flip-chip bonding, bonding sites, embodied 
for example as contact pads, are formed on both sub- 
strates. Solder "bumps, 1 typically formed from lead/tin 
solder, are deposited on the contact pads on one of the 
substrates. The substrates are pressed together sand- 
wiching the solder bumps between the contact pads of 
the two substrates. The solder is heated until it "reflows. 
" The surface tension between the 6older and the con- 
tact pads tends to align the contact pads. In some em- 
bodiments, the substrate of the MEMS chip is advanta- 
geously removed via an etchant. leaving the MEMS 
structures, sans substrate, attached to the SiOB chip. 
In such embodiments, MEMS structures may receive 
drive voltage or current, as required, from wire traces 
on the SiOB chip. As such, the contact pads and solder 
by which the MEMS structures are attached to the SiOB 
substrate must be conductive. 
[0047] it is to be understood that the embodiments de- 
scribed herein are merely illustrative of the many possi- 
ble specific arrangements that can be devised in appli- 
cation of the principles of the invention. Other arrange- 
ments can be devised in accordance with these princi- 
ples by those of ordinary skill in Ihe art without departing 
from the scope and spirit of the invention. It is therefore 
intended that such other arrangements be included 
within the scope of the following claims and their equiv- 
alents. 



Claims 

1. An article comprising: 

a micro-electromechanicai systems chip com- 
prising a first substrate having a micro-electro- 
mechanical device and a first plurality of bond- 
ing sites disposed on a first surface thereof; and 
an optical bench chip comprising a second sub- 
strata having an optical device and a second 
plurality of bonding sites disposed on a first sur- 
face thereof; wherein, 

the first and second substrates are attached at 
the respective first and second pluralities of 
bonding sites such that the first surfaces of 
each substrate are in opposed and spaced re- 
lation to one another, and further wherein the 
micro-electromechanical device and the optical 
device communicate with one another either 
mechanically or electromagnetically. 



chanical device is operable to move with applied 
electrical energy. 

3. The article of claim 2, wherein the micro-electrome- 
chanicaJ device comprises an actuator. 

4. The article of claim 3, wherein the micro-electrome- 
chanical device further comprises an optical inter- 
rupter and a linkage, wherein the linkage mechan- 
ically connects the optical interruptor to the actua- 
tor, and the actuator is operable to move the optical 
interruptor between a first position and a second po- 
sition. 



is 5. The article of claim 4, wherein the optical device 
comprises first and second optically communicating 
and spaced waveguides. 
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6. The article of claim 5, wherein in the firel position, 
the optical interruptor is not within the space be- 
tween the waveguides, and, in the second position, 
the optical interruptor is within the space between 
the waveguides such that the optical interruptor is 
operative to block a least a portion of an optical sig- 
nal traveling between the first and second 
waveguides. 

7. The article of claim 3, wherein the actuator compris- 
es: 

a nonmoving conductive surface; and 

a movable conductive plate supported over the 

nonmoving surface by a plate support having a 

flexible member that allows the movable plate 

to move in an out-of-plane direction relative to 

the nonmoving surface; wherein, 

the nonmoving surface and movable plate are 

suitably spaced to support an electrostatic 

charge therebetween operable to cause the 

movable plate to move towards the nonmoving 

plate upon application of a voltage. 

8. The article of claim 4, wherein the actuator compris- 
es: 

a nonmoving conductive surface; and 
a movable conductive plate supported over the 
nonmoving surface by a plate support having a 
flexible member that allows the movable plate 
to move in an out-of-planB direction relative to 
the nonmoving surface; wherein, 
the nonmoving surface and movable plate are 
suitably spaced to support an electrostatic 
charge therebetween operable to cause the 
movable plate to move towards the nonmoving 
plate upon application of a voltage, which 
movement causes the linkage to move and, in 
turn, moves the optical interruptor between the 



2. The article of claim 1 , wherein the micro-electrorne- 
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first and second positions. 

9. The article of claim 1 , wherein the second substrate 
comprises silicon. 

10. A method for making a micro-optical electrome- 
chanical device, comprising the steps of: 

forming a micro-electromechanical device and 
first plurality of bonding sites on a first support; io 
fonning an optical device and second plurality 
of bonding sites on a second support; 
aligning the first plurality of bonding sites with 
the second plurality of bonding sites; and 
bonding the first plurality of bonding sites to the is 
second plurality of bonding sites. 

11. The method of claim 10, wherein forming the first 
and second plurality of bonding sices further com- 
prises forming conductive contacts. 2° 

12. The method of claim 10, wherein the step of bond- 
ing further comprises flip-chip bonding. 

13. The method of claim 12, further comprising the step 25 
of removing the first support. 
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FIG. 1 
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FIG. 3 
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FIG. 5A 
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FIG. 6 
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Abstract 

A robot-controlled wafer bonding machine was developed 
for the bonding of different sizes of wafers ranging up to 8 
inches diameter. The features of this equipment ate such that: 
(1) After the automatic parallel adjustment for 8-inch wafers 
to a margin of error within ±1 urn. the X, Y, and Oaxis 
alignments are performed, allowing a margin of error within 
±0.5 \im in bonding accuracy; and (2) Room-teraperalurc 
bonding is enabled using the surface activated (SAB) bonding 
concept. 8-inch diameter silicon wafers ware successfully 
bonded by the SAB process at room temperature for the first 
time. Preliminary investigations- across the interlace using an 
Infrared camera show that no bubbles are visibly present in the 
bonding region. 

1. Introduction 

Packaging of micro-electronic mechanical systems 
(MEMS) requires a precise wafer bonding system. Current 
technology for water bonding is based either on organic 
adhesive joint or on high temperature reaction such as solder 
joint or solid state bonding at the bonded interface. However 
most devices of MEMS contain non-heat resistant components 
and various kind of materials of different thermal expansion 
coefficients. Therefore high reliable MEMS packaging 
requires direct wafer bonding at low temperature without 
adhesive. The present trend of fast growing miniaturization of 
high speed integrated devices will stimulate system in a 
package through high density interconnection on a micromerer 
scale. Such interconnection will require also low temperature 
and low damage bonding technique. Such bonding can be 
performed by surface activated bonding (SAB) (. 1 J. SAB is a 
process that joins two dissimilar materials due to the adhesion 
force between atoms of two atomically clean surfaces in an 
ultra high vacuum (UHV) at room temperature. The surfaces 
of the two wafers to be bonded are cleaned by an Argon ion 
beam. It is known that SAB can reduce the amount of 
threading dislocation produced by a lattice mismatch in high 
temperature wafer bonding. Wc have investigated the 
implementation of the SAB method for dissimilar materials 
and found a great performance of the interface produced 
through this method. Therefore, SAB is not just a bonding 
method for two solid surfaces, but it also has diverse 
applications for optoelectronic integrated dodoes and circuits 
[2,3]. 

Q-7803-7038-4/01/$10.00(C)2001 IEEE 



All the SAB machines developed by the present authors so 
far have the limitation of only being able to accommodate 
small dimension samples. In order to consider The wafer scale 
bonding, it is necessary to build a machine which is capable of 
bonding wafers of various sizes at room temperature. The 
purpose of this article is to report on the development of a 
robot controlled SAB machine which is capable of bonding 
wafers up to 8 inches in size with an alignment accuracy of 
±0.5 ujn. fteliminary results of semiconductor bonding 
between 8-8 inch silicon wafers are reported 

2» Development of the SAB machine 




Figure 1. Configuration of the SAB machine 



The developed SAB machine consists of a transfer 
chamber surrounded by a processing, a aitfUyzing, a heating, a 
tiirning over/preliminary alignment (proalignment), an 
alignment/preluinnary bonding (prc-bonding), and a bonding 
chambers as shown in figure 1. The SAB machine is located in 
a 10,000 class clean room. In this machine, wafers of 
semiconductors, metallic alloys as well as metals can be 
bonded by UHV pressure. Highly efficient rotary pumps, 
turbo molecular pumps as well as ion pumps used hi the 
vacuum system arc capable of decreasing the pressure to a 
high vacuum pressure ranging from I0* 6 to 10" 7 Pa. Chambers 
arc made of stainless steel. Baking heaters arc positioned 
inside and around all chambers in order to decrease the 
pressure from a high vacuum to a UHV pressure of 1 0"* Pa. 
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Each chamber around the transfer chamber is connected to the 
transfer chamber by gate valves. The load lock chamber is 
connected to the processing chamber by a gate valve. An 
additional chamber, called a plasma cleaning chamber in 
which Ar. O and H plasma treatments arc possible, is also 
joined to the load lock chamber. 

A wafer is transferred from the load lock chamber to Ihe 
process chamber by mechanically insertion only. On the other 
hand, the wafer can be transferred automatically to each and 
all chambers by the robot positioned in ihe transfer chamber. 
The robot has access to all chambers and it is controlled by a 
soft touch monitor. In fact all controls like the opening of gate 
valves, the leaking of chambers, and the turning over of wafers 
are controlled by the soft touch monitor. Surface analysis can 
be done in the analyzing chamber using Auger lilectron 
Spectroscopy (ABS) and Reflection High Energy Electron 
Diffraction (RHEED). In addition, a CCD camera is 
positioned across the window of each chamber for detecting 
the position of the wafer. 

Since the chambers other than the turning ovcr/pre- 
alignment chamber and the alignment/pre-bonding chamber 
are usually found in other machines, we will confine our 
explanation to these two chambers. Tn the turning over and 
pre-alignment chamber, wafer turn over and alignment can be 
performed with an accuracy of ±0.2 mm. Alter analyzing the 
surface of the sputtered clean wafer, it is first transferred from 
the transfer chamber to the turning over and pre-alignment 
chamber then placed on the table in the chamber and finally 
turned over by the mechanical chuck. Two pairs of glass 
windows are prepared on the upper and lower sides of ihe 
chamber just on the fop and bottom of the table. Two pairs of 
CCD cameras are vertically positioned to face each other on 
glass windows to the upper and lower sides of the chamber in 
order to align the position of the wafer. The alignment marks 
of wafer are brought into position by the Joy Stick (JOG) 
control in a way so that the CCD camera can detect the 
alignment marks. The alignment marks of the turned over 



wafer are viewed by the lower pair of cameras and the other 
wafer's alignment marks is viewed by the upper pair of 
cameras. Finally, pve-ahgncd wafers arc separately transferred 
to the aiignmenT and pre-bonding chamber. 

2.1 Alignment and pre-bonding chamber 

As shown in figure 2, the alignment and pre-bonding 
chamber is composed of electrostatic chucks that hold the top 
and bottom wafers, " Piczo Walking Table " [4,5] that serves 
as the alignment tabic, a wafer transfer pin lift shaft an IR 
camera/table tor the detection of alignment marks, and a 
bonding head In addition, three piczo elements attached to ihe 
bonding head and three Z axis units attached to the Piezo 
Walking Tabic are used to perform the parallel adjustment 
function of the top and bottom wafers and to complete the 
alignment and pre-bonding. Tn this chamber, the wafers 
carried by the transfer chamber's robot are first received on 
the wafer transfer pin. The bonding head is lowered to the 
position of the pins on which the top wafer is placed, and the 
top wafer is held by the activated top electrostatic chuck. For 
the bottom wafer, the transfer pins arc lowered together with 
the wafer, and the wafer is placed on the bottom elecrxostatic 
chuck, then this chuck is activated to hold the wafer. 

As metal alignment marks are formed on the top and 
bottom silicon waters, the top and bottom marks can be 
detected by transmitting an TR beam and observing through an 
IR camera. The alignment uses highly accurate image 
processing to recognize the position of the marks on the top 
and bottom wafers and lo align the bottom wafer by means of 
the Piezo Walking Table to the top wafer. Bonding is 
performed by lowering the bonding head and using a pressure 
cylinder with a maximum pressure capacity of 500 N. The 
bonded wafers arc transferred onto the wafer transfer pins 
again and discharged by means of the transfer chamber's 
transfer robot This scries of operations is performed 
automatically. 



Gate Valve 



Top Electrostatic Chuck 





Figure 2, Configuration of the alignment and pre-bonding chamber 
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2.2 Alignment system 

Figure 3 shows the alignment system thai uses the Piezo 
Walking Table as an alignment table. Figure 4 shows the dam 
(for 8 measurements) obtained irom repeated (9 limes) 
alignment of the top and bottom wafers using the Piezo 
Walking Table, starting with a shift of approximately 100 Mm 
on X, Y, and G respectively, tn the present equipment two 
140 mm-pitcb alignment marks (the marks will be described in 
details later) are used on 8-inch wafers. Moreover, as the 
Piczo Walking Table is installed on a 190 mm pitch circle, we 
can see that a high level of accuracy can also be obtained for 0 
. The results obtained si) owed an alignment accuracy within 
±0.5 urn for X, Y, and 8(0 determines any shift in the outer 
mark position). 



2.3 Position detection system 

Metal alignment marks such as those shown in figure 5 are 
formed on the top and bottom silicon wafers. Here, the top and 
bottom marks can be detected by transmitting an 1R beam at 
the top and bottom wafers and making observations with an IR 
camera. The bonding head has a light guide for Ihc IR light 
source and the IR camera is installed outside the chamber via 
the lop and bottom wafers and the backup glass. Furthermore, 
the mark positions of the top and bottom wafers are 
recognized using a high accuracy image processing system 
that has a repetitive recognition accuracy of ±0.05 pm such as 
shown in figure 6. Although the detection resolution of images 
obtained through IR detection is generally lower than that 
obtained by visible light, the high accuracy image processing 
enables increased resolution and a high recognition accuracy. 
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Figure 3. Alignment system 



Figure 5, IR detection system 
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In addition, as the detection is performed by means of TR 
transmission, the top and bottom wafers can be set very close 
to each other during the alignment By having the top and 
bottom wafers set very close to each other, the distance the 
wafers travel during bonding can be shortened and thereby, 
the positional shift can be reduced to a minimum. 
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Figure 6. Accuracy of high accuracy image processing sysTem 

2.4 Automatic parallel adjustment system 

In order to enable high accuracy bonding after the 
alignment, it is necessary to ensure the parallelism of the top 
and bottom wafers. Here, the alignment and pre-bonding 
chamber is equipped with automatic parallel adjustment 
functions (top parallel adjustment/bottom parallel adjustment) 
for the top and bottom wafers. As shown in figure 7, three 
piezo elements installed on the bonding head serve as 
actuators for the top parallel adjustment and three Z axis units 
mounted on the Piezo Walking Table serve as actuators for the 
bottom parallel adjustment. The parallelism of the top and 
bottom wafers is delected through the height displacement of 
parallelism detection points A to C by means of the tower 
camera and is automatically adjusted through the operation of 
the top and bottom actuators respectively. 
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detection Point A 
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Figure 2 shows the data for repetitive top and bottom 
parallel adjustment at parallelism detection points A to C. The 
height displacement at the three parallelism detection points 
converged relatively easily within ±2 pan and repetitive 
correction enabled adjustment to less than ±1 umln this way. 
by maintaining a high accuracy with respect to the parallelism 
of (he top and bottom wafers, high accuracy can also be 
maintained for the bonding that follows the high accuracy 
alignment of the Piezo Walking Table. 

2J5 Bonding accuracy 

After being loaded into the alignment and pre-bonding 
chamber, the top and bottom wafers arc rectified to less Than 
±0.5 |xm of displacement for X, Y, and 8 ( 0 determines any 
shift in the outer mark position) by the Piezo Walking Table. 
Thereafter, the bonding head comes down to bond the top and 
bottom wafers. During this bonding operation, X, Y, and 0 
directional shifts and other problems normally arise due to the 
descent of the bonding head or parallelism errors. In the 
present chamber, the alignment accuracy can be sustained for 
bonding due to those measures meutioned earlier (such as a 
small space between the top and bottom wafers, parallel 
adjustment, etc). As a result, a bonding accuracy within ±0.5 
Jim for X, Y, and 8 ( 9 determines any shift in the outer mark 
position) was also achieved for preliminary bonding with a 
pressure of 500 N as shown in figure 9. 




a. Top parallel adjustment 




Figure 7. Automatic parallel adjustment system 



Parallel Adjuaonanc Time* 

b. Bottom parallel adjustment 
Figure 8. Automatic parallel adjustment data 
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were turned over in the turning over and pre-alignmcnt 
chamber and then transferred to the alignment and pre- 
bonding chamber. The first wafer was considered the top 
wafer of the pair. The second wafer is not turned over in the 
turning over and pre-alignment chamber but is transferred 10 
the alignment and pre-bonding chamber. The second wafer 
was considered Ihe bottom wafer of the pair. Preliminary 
bonding was performed in the alignment and pre-bonding 
chamber with a load of 500 N. Subsequently the preliminarily 
bonded wafers were transferred to the bonding chamber and 
cold rolled under a load of 10 kN. At first, the load was 
applied only from the middle of the wafers to their edge and 
then the roller was shifted to the left by 50 mm and to the right 
by 50 ram from the middle. 

The set of samples was only bonded in the alignment and 
pre-bonding chamber and afterwards, an infrared image (IR) 
was taken, as shown in figure 10a. Bubbles are visible across 
the bonded interface. Later those samples were loaded into the 
bonding chamber and a load of 10 kN was applied to the 
bonded samples. The substantial difference in the number of 
bubbles can be observed by comparing the TR images shown 
in figures 10a and 10b. Bubbles have disappeared completely 
from the interface of the samples after the samples were cold 
rolled in the bonding chamber. 



Surface activated bonding of 8' Si wafers at RT 




Contact with 500N on the wafer * 16kPa Cold rolling with 10kN/200mm^50kPa¥m 



Figure 10. IR image of lhe interface of 8 inches Si wafers bonded at room temperature (a) without 
and (b) with cold rolling of a 10 kN load. 



0.0005 




Figure 9. Bonding accuracy 



3- Bonding experiments 

Single crystalline silicon (100) specimens 200 mm in 
diameter and 730 urn thick were used in this experiment 
Although the wafers can be cleaned by a standard cleaning 
procedure, the wafers were only cleaned with acetone and 
ethanol for preliminary testing. Then the wafers were inserted 
into the load lock chamber. Sputtering was performed in the 
processing chamber by an Argon ion beam with a voltage of 
100 V and an amperage of 3 A, for five minutes- The wafers 
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4- Conclusions 

A iobot-coairollcd surface activated bonding (SAB) 
machine lias been developed to bond different sizes of wafers 
ranging from 1 ro 8 inches diameter. This machine maintains 
the parallelism between 8-inch wafers with high accuracy, thus 
enabling high-accuracy alignment and bonding. Silicon wafers 
of 8 inches in diameter have been successfully bonded by Ihc 
SAB process at room temperature in an ultra high vacuum for 
the first time. Preliminary investigations across the inteiface 
using an Infrared camera show that no bubbles are visibly 
present in the bonding region. 
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INTRODUCTION 

Micromachined optical switches- are under 
intensive study for optical coirrniunieation 
networks, Some of them require special high^ 
aspcct-raiio technologies such as LIGA[1) 
and deep IUE(2]. Some are u lew millimeters 
in si2c[3,4]. We have designed a 2x2 micro 
opticcd switch which is micro-meters in size, 
fully micromachined except one step, aud 
has a simple mechanism because of 
electrostatic actuation. 



>UT2 




Optical fiber 



(a)Top view 



Cantilever 




(b)Cross section view >*. L j 5 ht tpat 
Fig.! Device schematics 

Fig.l shows the schematic representation of 
Ihe switch. It is composed of a plate 
supported by curled cantilevers, a smoorh 
mirror attached veru'cul/y to the plate, driving 
electrodes, and a trench and grooves in a 
substrate. When the plate is attracted 

electro* laLic ally 10 ihc driving electrodes, in© 

mirror moves perpendicular to the substrate 
and reflects the light beams from an input 
optical llber(INI) into an output fiber 
(OUT2); optical fibers are placed in grooves 
etched in the backside of the substrate. By 



removing the electrostatic force, the plate and 
the mirror move up and the light beam is 
directly introduced to a fiber(OUTI). ' 



(iUfcjwuM .SiN and Paly Jit ^ ^ iw A,hc ' 

troupe dud jwrrrniic 



SiN. And |tq.ncrob s 





(ft Mat* mnuu Imii m\ l'ftlwft 




(d'Drpwh fiiO^ anil Poly-3i 





Fig2 Proposed proi^SS flow of optical switch 



Flg.2 depicts a possible fabri cation process. 
First driving electrodes are patterned and 
iusnlated. The trench was formed by 
anisotropic wet etching in a (1 10) substrate 
and covered by sacrificial oxide. Poiy-Si is 
deposited autl patterned in the actuator and 
mirror. Four grooves are dry etched Jrom ihc 
backside. After sacrificial etching, The mirror 
is mctalized by evaporation. Finally, the 
actuator is raised ousof-pUnc and held there 
by plastic deformation caused hy Joule 
heating (reshaping processl5J). 
The swUch has following advantages: 

(1) The distance between fibers can r»c as 
close as a few lens of micrometers, 

(2) fiber alignment is assured by grooves, 

(3) the mirror can be as large as a lew 
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hundreds of microns, 

(4) the mirror surface is smooth because it is 
the replica of a wet-etched (III) plane, and 

(5) rahrication can be batch processed except 
the final reshaping step. 



TEST DEVICE 

In order to confirm the concept, 
fabricaied a lest device. 



we have 




(a iDqvwir S.N nod Poly-Si 



»bjl>cpwil Mi) 2 aud 
SiR And patismhj 





Fig.3 Process flow of the test device 

The fabrication process is shown in Fig, 3. 
First driving electrodes i$ made by LPCVD of 
silicon mlride (O.I urn) and Poly-Si (I um) 
on Si(iiO) substrate (300 um). Then 
patterning the nilridc and Poly-Si by RIE, 
After the electrode is covered by silicon 
oxide(l um) and silicon nitride(0.1 uin),the 
trench is formed by anistropic etching in 
TMAH solution. It is 30 um wide, 500 
micrometers long and 170 um deep. 
Sacrificial silicon oxide (4 um) and poly-Si(l 
um) arc deposited by LPCVD. Then, the 
poly-Si is P-ion doped and patterned by RIE 
to form the plate and cantilevers. After 
etching the sacrificial oxide by HF, the plate 
and mirror aie raised out-oY plane and held 
there by plastic deformation. The reshaping 
is done with a current of 20 mA and current 
duration or 1 minutes. 

SEM pictures are shown in Fjg, 4. The plate 
is 500 um square and 1 um in thickness 
Cantilevers arc 400 um in length and 50 um 
in width. The height of the plate edge is 100 
um from the substrate. The characterization 
of me actuator is under way and will be given 
in the presentation. Using a simple cantilever 
which was reshaped, the life-time test was 



carried out. We did not observe any failure 
even after one million cycles of bonding 
operation with elecrrostatic force. 



(a)ReshapgdcanuIeverwiih mirror 




(b)Closc up view of inirror and trench 
VtgA SEM mkrygraph of the icsi device 
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